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ABSTRACT
The Bubble Nebula (or NGC 7635) is a parsec-scale seemingly spherical wind-blown bubble around the relatively unevolved O
star BD+60◦2522. The small dynamical age of the nebula and significant space velocity of the star suggest that the Bubble Nebula
might be a bow shock. We have run 2D hydrodynamic simulations to model the interaction of the central star’s wind with the
interstellar medium (ISM). The models cover a range of possible ISM number densities of n = 50 − 200 cm−3 and stellar velocities
of v∗ = 20 − 40 km s−1. Synthetic Hα and 24 µm emission maps predict the same apparent spherical bubble shape with quantitative
properties similar to observations. The synthetic maps also predict a maximum brightness similar to that from the observations and
agree that the maximum brightness is at the apex of the bow shock. The best-matching simulation had v∗ ≈ 20 km s−1 into an ISM with
n ∼ 100 cm−3, at an angle of 60◦ with respect to the line of sight. Synthetic maps of soft (0.3 − 2 keV) and hard (2 − 10 keV) X-ray
emission show that the brightest region is in the wake behind the star and not at the bow shock itself. The unabsorbed soft X-rays have
luminosity ∼ 1032 − 1033 erg s−1. The hard X-rays are fainter, luminosity ∼ 1030 − 1031 erg s−1, and may be too faint for current X-ray
instruments to successfully observe. Our results imply that the O star creates a bow shock as it moves through the ISM and in turn
creates an asymmetric bubble visible at optical and infrared wavelengths, and predicted to be visible in X-rays. The Bubble Nebula
does not appear to be unique, it could be just a favourably oriented very dense bow shock. The dense ISM surrounding BD+60◦2522
and its strong wind suggest that it could be a good candidate for detecting non-thermal emission.
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1. Introduction
Most stars in the universe have winds in the form of gas ejected
from their upper atmosphere. The hydrodynamic interaction of
such a wind with the surroundings heats the ambient interstellar
medium (ISM). For young hot stars with fast winds, a low den-
sity bubble is created from this interaction, expanding with time
and displacing the ISM.
The physics governing how a wind-blown bubble expands
into the ISM is well understood (Weaver et al. 1977; Castor et al.
1975). A bubble of hot, shocked gas is formed when a star’s wind
is converted from kinetic energy to thermal energy as it collides
with the surrounding ISM. Around hot stars, a wind bubble ex-
pands within the photoionized H ii region that surrounds the star
(Freyer et al. 2006; Mackey et al. 2015), which is usually isother-
mal with temperature T ≈ 104 K and isothermal sound speed
cs ≈ 10 km s−1. Young bubbles may expand supersonically into
this medium generating a shock wave that sweeps up the ISM
into a thin, dense shell, which emits at optical, infrared, and ra-
dio wavelengths.
A star in motion with respect to the ISM will generate a bow
shock on the upstream side and a turbulent wake downstream.
Up to 25% of OB stars are indeed moving through space, the
Send offprint requests to: green@cp.dias.ie
so-called runaway stars (Gies 1987; Blaauw 1993), ejected from
parent star clusters either because of dynamical encounters with
other massive cluster members or due to binary supernova ex-
plosions. Prominent examples are ζ Oph (Gull & Sofia 1979;
Gvaramadze et al. 2012), Vela X-1 (Kaper et al. 1997; Gvara-
madze et al. 2018) and BD+43◦ 3654 (van Buren et al. 1995;
Comerón & Pasquali 2007).
Axisymmetric 2D simulations of bow shocks from hot stars
were pioneered by Mac Low et al. (1991) for dense environe-
ments and by Comerón & Kaper (1998) for the diffuse ISM. The
reverse shock is always adiabatic, as realised by Weaver et al.
(1977), and the forward shock is usually radiative and close to
isothermal. This can lead to the formation of an unstable thin
shell. Thermal conduction may be important at the wind-ISM
interface (Comerón & Kaper 1998; Meyer et al. 2014) but may
be strongly inhibited by magnetic fields (Meyer et al. 2017).
Even slowly-moving stars in dense H ii regions produce asym-
metric wind bubbles (Mackey et al. 2015) with infrared arcs that
look like bow shocks (Mackey et al. 2016). Only stars with very
strong winds (Freyer et al. 2003) and/or moving through dense
gas (Mac Low et al. 1991; Arthur & Hoare 2006) drive wind
bubbles that fill their H ii region, so we are usually justified in
modelling bow shocks as photoionized nebulae where hydrogen
is fully ionized (Meyer et al. 2014), but see Rogers & Pittard
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Fig. 1. Spitzer 24 µm (left-hand panel) and DSS-II red band (right-hand panel) images of the Bubble Nebula and its surroundings. The arrow shows
the direction of motion of BD+60◦2522 (marked by a circle) as suggested by the Gaia DR2 proper motion and parallax measurements (with 1σ
uncertainties shown by dashed arrows). The orientation and the scale of the images are the same. A white spot in the Spitzer image is due to a
saturation effect.
(2013) for a study in which the surrounding ISM is cold, neutral
and turbulent.
Feedback of radiation and energy from massive stars to
molecular clouds and the ISM is a key ingredient in understand-
ing the gas dynamics of galaxies (e.g. Walch et al. 2015). The
important contributions of photoionizing radiation and super-
novae is well-established (Mac Low & Klessen 2004; Matzner
2002), but contributions from stellar winds are much less certain
and depend strongly on environment (Haid et al. 2018). If winds
are momentum conserving, as argued by McKee et al. (1984),
then they are relatively unimportant, whereas energy-conserving
winds could inject significant kinetic energy and momentum into
the ISM (Matzner 2002). X-ray observations are key to solving
this issue, because they directly measure the thermal energy con-
tent of the bubble. X-ray observations by Chandra and XMM-
Newton have detected diffuse emission from four Wolf-Rayet
bubbles (Chu et al. 2003; Toalá et al. 2017a), and a number
of nascent bubbles and superbubbles around young star clusters
(Townsley et al. 2018). Early predictions of X-ray luminosities
of wind bubbles, however, did not agree with observations quan-
titatively in that the detected X-ray fluxes were 10 to 100 times
lower than those expected (Chu et al. 2003).
As a star moves through the ISM the interaction between its
stellar wind and the surrounding medium can produce instabil-
ities that mix material between the adiabatically shocked wind
and the photoionized gas in the wake of the bow shock. This
can create a mixing region with plasma temperatures of ∼ 106K
(Toalá et al. 2016), a strongly cooling boundary layer that ef-
ficiently removes thermal pressure support from the bubble. X-
rays originating from this thermal plasma are predicted to exist
by several numerical simulations (Freyer et al. 2006; Toalá &
Arthur 2011; Mackey et al. 2015; Meyer et al. 2014), at a much
lower level than previous predictions (e.g. Weaver et al. 1977)
because of this wind-ISM mixing. The existence of this layer
also has some support from UV observations (Boroson et al.
1997). On larger scales, observations of X-ray emission from hot
gas in star clusters, together with other data, show that the ma-
jority of the kinetic energy input by stellar winds is absent and
must have escaped the cluster (Lopez et al. 2011; Rosen et al.
2014).
Recently Toalá et al. (2016) have detected diffuse emission
in the vicinity of the runaway massive star ζ Oph. They conclude
the emission similarly has a thermal nature and its cometary
shape agrees with radiation-hydrodynamic models of wind bub-
bles produced by moving stars. It appears that models and obser-
vations are slowly converging, in terms of the X-ray emission,
towards the conclusion that stellar wind bubbles are closer to
the momentum-conserving limit than energy-conserving. Simu-
lations with different physical assumptions can help us under-
stand these mixing processes, as well as non-thermal processes
and stellar wind structures.
In this paper, we are starting a project to investigate thermal
emission from stellar wind bubbles. To begin with, we model
the Bubble Nebula — the only known compact (parsec-scale)
seemingly spherical nebula around an O star. The main aim of
the modelling is to determine whether the shape of this nebula
can be explained in terms of the medium around a runaway star.
In Sect. 2, we review observational data on the Bubble Nebula
and its associated O star BD+60◦2522. In Sect. 3, we describe
our model and present the numerical methods and simulation
setup. In Sect. 4, we use our preferred model to produce syn-
thetic Hα and infrared emission maps and compare them with
observations. In Sect. 5, we construct synthetic maps of X-ray
emission from the model Bubble Nebula and assess the possibil-
ity of its detection. We discuss our results in Sect. 6 and conclude
in Sect. 7.
2. Bubble Nebula and BD+60◦2522
The Bubble Nebula (or NGC 7635) is an almost perfectly cir-
cular emission nebula of angular diameter of ≈ 3 arcmin. It is
clearly visible in infrared and optical wavelengths, as illustrated
in Fig. 1 showing the Spitzer Space Telescope 24 µm and the Dig-
itized Sky Survey II (DSS-II) red band (McLean et al. 2000) im-
ages of the nebula and its surroundings. Fig. 1 also shows that the
brightest (northern) side of the Bubble Nebula is faced towards
the more extended emission nebula with bright-rimmed clouds
to the north, known as SH 2–162 (Sharpless 1959). Radial ve-
locity measurements for two nebulae indicate that they are phys-
ically associated with each other (Doroshenko & Grachev 1972;
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Table 1. Summary of BD+60◦2522’s parameters. References: (1)
Howarth & Prinja (1989). (2) Leitherer (1988). (3) Gaia Collaboration
et al. (2018).
Parameter Value Refs.
Temperature (T∗) 37 500 K (1)
Wind velocity (v∞) 2500 km s−1 (2)
Mass-loss rate (M˙) 10−5.76 M yr−1 (2)
Distance (d) 2.7 ± 0.2 kpc (3)
Transverse peculiar
velocity (vtr) 28 ± 3 km s−1 (3)
Deharveng-Baudel 1973; Maucherat & Vuillemin 1973; Israel
et al. 1973)
The driving star of the Bubble Nebula is the O6.5 (n)(f)p
(Walborn 1973) star BD+60◦2522. Conti & Alschuler (1971) de-
rived the luminosity class III for BD+60◦2522, but the peculiar
shape of the He ii λ4686 emission line in the spectrum of this star
makes this assertion uncertain (Sota et al. (2014); but see below).
BD+60◦2522 is significantly offset from the geometric centre of
the nebula towards its brightest edge. Table 1 shows some prop-
erties of BD+60◦2522 including the distance to the star and its
peculiar transverse velocity based on the Gaia second data re-
lease (DR2) (Gaia Collaboration et al. 2018). At the distance of
2.7±0.2 kpc, the linear diameter of the Bubble Nebula is 2.3±0.2
pc.
The Bubble Nebula is the only known parsec-scale wind bub-
ble that has been observed around an O star in optical wave-
lengths. The morphology of the nebula and its neighbourhood
has been extensively studied in the 1970s and 1980s where pa-
rameters for the central star and the nebula itself were established
(see Christopoulou et al. (1995) for a review on the topic). It is
generally accepted that the Bubble Nebula is a shell swept up by
the stellar wind of BD+60◦2522 from the dense (∼ 100 cm−3)
ISM (e.g., Israel et al. 1973; van Buren 1986; Dufour 1989;
Christopoulou et al. 1995; Moore et al. 2002b). The inference
on the dense ISM follows from the small linear size of the bub-
ble (e.g. Christopoulou et al. 1995; Moore et al. 2002b). It is
also evidenced by the presence of dense (≈ 103 − 104 cm−3; e.g.
Mesa-Delgado & Esteban 2010; Moore et al. 2002a; Esteban
et al. 2016) bright-rimmed structures around the Bubble Neb-
ula (one of which is even penetrated into the bubble; e.g. Moore
et al. 2002a), whose “elephant trunk" morphology is typical of
H ii regions expanding into dense molecular clouds (e.g. Hester
et al. 1996). Also, number density estimates based on the [S ii]
λλ6716, 6731 emission line ratio in the spectrum of the Bubble
Nebula showed that the electron number density in its shell is
equal to ≈ 100 − 300 cm−3 (e.g. Esteban et al. (2016); see their
Table 6), which for low-Mach number shocks (see Section 3.2)
corresponds to the pre-shock number density of ≈ 50−100 cm−3.
The wind blown bubble interpretation of the Bubble Neb-
ula is based on radial velocity measurements (Deharveng-Baudel
1973; Lynds & Oneil 1983; Christopoulou et al. 1995) show-
ing that the central parts of its shell have more positive radial
velocities than the rim. This difference in radial velocities im-
plies that we see the far (receding) side of the nebula and that
the Bubble Nebula is located on the near side of the molec-
ular cloud associated with SH 2–162. The illumination of the
bright-rimmed clouds surrounding the Bubble Nebula also sug-
gests that BD+60◦2522 is on the near side of the cloud. If the
observed difference in the radial velocities of ≈ 20 − 25 km s−1
(Christopoulou et al. 1995) represents the expansion of the Bub-
ble Nebula as a whole, then its dynamical age can be estimated
to be 5 × 104 yr.
Using V magnitude and B − V colour of BD+60◦2522 of
respectively 8.65 mag and 0.38 mag (Neckel et al. 1980), the
intrinsic (B − V)0 colour of O6.5 stars of −0.27 mag (Martins
et al. 2005), and assuming the total-to-selective absorption ratio
of RV = 3.1, one finds the visual extinction towards the star of
AV ≈ 2.0 mag (which agrees with the extinction estimate based
on the Balmer decrement in the spectrum of the Bubble Neb-
ula; see Doroshenko (1972)) and its absolute visual magnitude of
MV = −5.53 mag. The latter value implies (e.g. Walborn 1973;
Martins et al. 2005) a luminosity class III for BD+60◦2522, in
agreement with the result by Conti & Alschuler (1971). The lu-
minosity class III indicates that BD+60◦2522 is a relatively un-
evolved star, meaning that the origin of its associated nebula can-
not be explained in the framework of the wind-wind interaction
scenario proposed for the origin of circumstellar nebulae around
evolved massive stars (e.g. Garcia-Segura et al. 1996a,b). This
inference is supported by chemical abundance measurements for
the Bubble Nebula, indicating that it is composed of swept-up
ISM (Esteban et al. 2016).
The brightness asymmetry of the Bubble Nebula and the off-
centred location of BD+60◦2522 could be understood if the neb-
ula impinges on a more dense ambient medium in the north
direction (e.g. Icke 1973) or interacts with a photoevaporation
flow from the nearby molecular cloud (e.g. Moore et al. 2002b),
and/or might be caused by motion of BD+60◦2522 in the north
direction. The latter possibility is supported by the Gaia DR2
data indicating that BD+60◦2522 is moving towards the bright-
est (northern) rim of the Bubble Nebula with a transverse pecu-
liar velocity of 28±3 km s−1 (see Fig. 1 and Appendix A), which
is typical of runaway stars. This in turn suggests that the Bubble
Nebula could be a bow shock viewed at an appropriate angle.
To derive the total space velocity of BD+60◦2522, one needs
to know the peculiar radial velocity, vr, of this star, which at the
distance of 2.7 kpc, is related to the observed heliocentric radial
velocity, vr,hel, as follows:
vr = vr,hel + 39.4 km s−1 .
The radial velocity of BD+60◦2522, however, is known to be
variable (Wilson & Joy 1952), which is most likely caused by the
line profile variability due to non-radial pulsations typical of the
Ofp stars (Rauw et al. 2003). The SIMBAD data base1 provides
several values of vr,hel ranging from −14 to −36 km s−1. These
velocities imply that BD+60◦2522 is moving either almost in
the plane of the sky or receding from us with a velocity compa-
rable to the transverse peculiar velocity. The uncertainty in the
stellar velocity relative to the local ISM is aggravated by the pos-
sible presence of a photoevaporation flow (whose velocity is of
the order of the sound speed, i.e. ∼ 10 km s−1) from the nearby
cloud (cf. Moore et al. 2002b) as well as by the radial veloc-
ity dispersion of H ii regions within a spiral arm of ∼ 10 km s−1
(Georgelin & Georgelin 1976). This means that the total velocity
of BD+60◦2522 relative to the local ISM, v∗, could range from
≈ 20 to 40 km s−1.
Regardless of whether or not a photoevaporative flow is
present, the peculiar space velocity of BD+60◦2522 appears suf-
ficient to create a bow shock. The characteristic scale of the bow
shock — the stand-off distance — is defined by the balance be-
tween the ram pressure of the stellar wind and the ram and ther-
mal pressures of the incoming ISM, and is given by (Baranov
1 http://simbad.u-strasbg.fr/simbad/
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Table 2. Simulations used for post-processing. Simulations with a ‘1’ in its name have a star velocity of v∗ = 20 km s−1, ‘2’ have v∗ = 30 km s−1,
and ‘3’ have v∗ = 40 km s−1. Simulations with an ‘a’ in its name have an ISM ion density of 50 cm−3, ‘b’ have ni = 100 cm−3, and ‘c’ have ni =
200 cm−3. v∗ is the star’s velocity in km s−1. Nzones shows the number of grid zones in the simulation.
Name v∗ ni Nzones Box size Cell size (∆x)
1a 20 50 1536 × 1024 6.61 × 4.40 pc 4.303 × 10−3 pc
1b 20 100 1536 × 1024 4.67 × 3.12 pc 3.040 × 10−3 pc
1c 20 200 1536 × 1024 3.30 × 2.20 pc 2.148 × 10−3 pc
2a 30 50 1536 × 1024 4.40 × 2.94 pc 2.864 × 10−3 pc
2b 30 100 1536 × 1024 3.12 × 2.08 pc 2.031 × 10−3 pc
2c 30 200 1536 × 1024 2.20 × 1.47 pc 1.432 × 10−3 pc
3a 40 50 1536 × 1024 3.30 × 2.20 pc 2.148 × 10−3 pc
3b 40 100 1536 × 1024 2.34 × 1.56 pc 1.523 × 10−3 pc
3c 40 200 1536 × 1024 1.65 × 1.10 pc 1.074 × 10−3 pc
et al. 1970):
RSO =
√
M˙v∞
4piρISM(v2∗ + c2s )
, (1)
where M˙ and v∞ are, respectively, the stellar mass-loss rate and
wind velocity, and ρISM is the density of the ISM. For bow
shocks produced by hot stars (like BD+60◦2522), RSO gives the
minimum distance to the contact discontinuity, separating the
shocked stellar wind from the shocked ISM.
In the next sections, we explore the possibility that a bow
shock could produce a circular nebula like the Bubble Nebula,
which appears to be a closed bubble.
3. Numerical simulations
3.1. Hydrodynamics and thermodynamics
We solve the Euler equations of classical hydrodynamics includ-
ing radiative cooling and heating for optically thin plasma. The
equations for the conservation of mass, momentum, and energy
are:
∂ρ
∂t
+ ∇ · (ρv) = 0 (2)
∂ρv
∂t
+ ∇ · (v ⊗ ρv) + ∇p = 0 (3)
∂E
∂t
+ ∇ · (Ev) + ∇ · (pv) = nenHΓ − neniΛ. (4)
In equations (2)-(4), v is the gas velocity in the frame of refer-
ence of the star, ρ is the gas mass density, ni, ne and nH are the
number density of ions, electrons and hydrogen nuclei, respec-
tively, and p is the thermal pressure. Λ is the rate for optically-
thin radiative cooling and Γ is for optically-thin radiative heating.
E is the total energy density and is its thermal and kinetic parts
summed together,
E =
p
(γ − 1) +
ρv2
2
,
where γ is the ratio of specific heats for a monatomic ideal gas
(i.e. γ = 5/3). The temperature inside a given layer of the bow
shock is obtained from the ideal gas law:
T = µ
mH
kB
p
ρ
.
The total number density, n, is defined by ρ = µnmH, where
µ is the mean mass per particle in units of mH, the mass of a hy-
drogen atom. We consider a gas composed mostly of hydrogen
(0.714 by mass), with one helium atom for every 10 of hydro-
gen, and trace abundances of metals with solar composition. As
discussed above, all of the gas is considered to be photoionized,
giving µ = 0.61. For doubly ionized helium, the electron, ion
and hydrogen number densities are given by ne = 0.86ρ/mp,
ni = 0.79ρ/mp and nH = 0.71ρ/mp.
The radiative heating is assumed to arise primarily from pho-
toionization of hydrogen atoms that recombine in the H ii re-
gion and so is simply the product of the recombination rate and
a mean heating energy per ionization, 〈Epi〉, (cf. Meyer et al.
2014):
nenHΓ = αBnenH〈Epi〉 .
We take 〈Epi〉 = 5 eV, appropriate for an O star, and use the case
B recombination rate αB from Hummer (1994). The radiative
cooling rate Λ includes:
1. Metal-line cooling taking the minimum of the cooling curve
of Wiersma et al. (2009) (collisional ionization equilibrium
(CIE), metals only) and the forbidden-line cooling function
of Henney et al. (2009) (eq. A9, damped exponentially for
T > 105 K). This captures cooling of shocked wind assum-
ing CIE, and also the strong forbidden-line cooling of the
photoionized ISM that would not arise in CIE.
2. Bremsstrahlung from ionized hydrogen (Hummer 1994) and
helium (Rybicki & Lightman 1979).
3. Recombination cooling of H, with rate from Hummer
(1994).
3.2. Computational methods and initial conditions
We use the pion radiation hydrodynamics code (Mackey 2012) to
model the Bubble Nebula as a propagating O star emitting a stel-
lar wind. The code solves the Euler equations (Eqs. (2)–(4)) in
cylindrical coordinates with rotational symmetry on a computa-
tional grid in the (R, z) plane. The mass, energy, and momentum
densities are defined at the centre of each computational cell,
and evolved with time according to the hydrodynamical equa-
tions. For a detailed description and explanation of the pion code
see Mackey (2012), and for applications of the cylindrical co-
ordinate system see Mohamed et al. (2012) and Mackey et al.
(2015). The integration scheme follows Falle (1991) and Falle
et al. (1998).
For numerical convenience, a reference frame in which the
star is stationary and located at the origin (R, z) = (0, 0) of a
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rectangular box is chosen. The ISM flows past the star in the
negative z-direction, interacting with the stellar wind as it does
so. A passive scalar variable is utilised to distinguish between
the ISM and wind gas. For the sake of simplicity, the ISM is
assumed to be homogeneous.
A range of ISM densities, nH = 50, 100, and 200 cm−3, with
corresponding stellar velocities v∗ = 20, 30, and 40 km s−1, were
modelled (see Table 1). These stellar velocities were chosen to
account for uncertainty in the relative velocity of the star (see
Sect. 2). The ISM densities were chosen because this is the range
of observed densities derived from the nebular emission lines
(see Section 2). The ISM densities and stellar velocities were
used to calculate the stand-off distance of the bow shock for each
simulation (Eq. (1)). This was then used to estimate the size of
the simulation boxes.
3.3. Comparison of simulations
Nine 2D simulations were run using the parameters shown in
Table 2, all using the stellar wind properties taken from BD
+60◦ 2522 (see Table 1). A snapshot after ∼ 1 crossing time (time
taken for one fluid element to cross the whole simulation box) for
each simulation is shown in Fig. 2. Simulation 2a, 2c, 3a, 3b, and
3c could not be used due to the development of an unstable bow
shock and gas pile-up at the apex, which is a well known lim-
itation of 2D simulations (e.g. Meyer et al. 2014). The apex is
where the stellar wind and the ISM collide head-on, resulting in
a stagnation point of the flow. We compared the remaining four
simulations to the Bubble Nebula and found that for simulation
1a the bubble was too big and too faint. Simulations 1c and 2b
produced nebulae that were too bright. The 1b model was cho-
sen to be the best simulation to compare with the Bubble Nebula
because it evolved into an elliptical shape with a smooth bow
shock and its synthetic emission maps had similarity to the ob-
servational data.
3.4. Simulation 1b
Snapshots from simulation 1b are shown in Fig. 3. The snap-
shots are after 0.5 (0.11 Myr), 1 (0.23 Myr), and 2 (0.44 Myr)
crossing times. The upper half plane in the plots shows log10 of
the gas density profile. The colour-bar on the right of each plot
shows that yellow is the highest density (10−20 g cm−3) and dark
blue/purple is the lowest density (10−26 g cm−3). The lower half
plane in the plots shows log10 of the gas temperature profile. In
this case, white is the highest temperature (108 K) and black is
the lowest temperature (104 K).
Fig. 4 shows snapshots taken from the 1b simulation at the
same crossing times as Fig. 3 but plotting gas velocity and the
Mach number of the gas in a reference frame where the star is
at rest. The upper half plane is a plot of the gas velocity profile
of the gas in km s−1. The maximum velocity shown is 30 km s−1
so that the velocity gradients in the bow shock are visible. The
velocity of the ISM is initially set to −20 km s−1. The wind bub-
ble has much higher velocity gas, comparable to the wind speed
of 2500 km s−1. Overlayed are vector arrows showing the direc-
tion of the flows. These are used to show the position on the bow
shock and how the gas from the ISM is swept backwards around
the bubble. The lower half plane is a plot of the isothermal Mach
number, M of the gas flow with respect to the star, defined by
M = |v|/√p/ρ. Overlayed are streamlines showing the direc-
tion of the gas.
Early in its evolution, the bow shock is expanding and is not
in equilibrium. Later on, the bow shock begins to approach equi-
librium where the total pressure (ram pressure + thermal pres-
sure) is constant. However, there is an exception to this where
instabilities disturb the flow. We will now discuss the simulation
results where the bow shock is in its equilibrium state.
At the apex of the bow shock, Fig. 3 shows that the density is
∼ 10−21 g cm−3. The density stays roughly at this value through-
out the entire simulation. The compression factor is largest at
the apex because the Mach number (1.94) of the shock is biggest
there (dismissing the Mach number of the wind directly from the
star). The temperature at the bow shock’s apex is also in equilib-
rium with the rest of the ISM (∼ 104 K). The forward shock in
the ISM is basically isothermal because the density is high, the
post-shock temperature is ∼ 104 K, cooling is strong, and the
cooling time is very short. Fig. 4 shows that at the apex of the
bow shock the velocity of the gas is 0 km s−1.
Inside the hot bubble, the gas density is as low as ∼ 10−26
g cm−3 and as high as ∼ 10−24 g cm−3. The reverse shock in the
wind is adiabatic because the density is low, the post-shock tem-
perature is ∼ 108 K, cooling is weak, and the cooling time is
very long. The velocity of the gas reaches 30 km s−1 (and cer-
tainly higher because the unshocked part of the stellar wind is
moving at 2500 km s−1).
The part of the bow shock at 45◦ to 90◦ from the apex (mea-
sured from the star) is where the bow shock expands and the
density decreases slowly as the velocity increases. Densities and
temperatures of this region are similar to the apex of the bow
shock with high densities (compared to the inside of the bubble)
and temperatures are the same with the surrounding ISM. The
velocity of the gas here increases as you go further from the apex
because the velocity vectors of the ISM and wind don’t cancel.
The further back you go along the bow shock, the closer the ve-
locity gets to the speed of the ISM (20 km s−1, Mach number of
1.94).
As the bubble evolves, the bow shock relaxes slowly towards
its equilibrium shape (parabolic). However, the bubble itself re-
mains in an elliptic shape. In the later snapshots, the density of
the bow shock decreases as R increases. The stellar wind bubble
in these simulations also has a periodic change in bubble size.
The bubble is at its maximum size roughly every 0.18 Myr (and
hence minimum size every 0.09 Myr after a maximum). This
can be explained with ‘Vortex Shedding’ and will be discussed
further in Sect. 5.
4. Synthetic emission maps and comparison with
observations
Synthetic observations are predictions based on theoretical sim-
ulations to provide a view of what the astrophysical source in
question will appear as to an observer. It is a way of compar-
ing simulations to observational data and to allow the theoretical
models to be constrained. Haworth et al. (2018) presented a re-
cent detailed description of the power of synthetic observations
in star formation and the impact of stars on the ISM. In this sec-
tion, we present our synthetic optical, IR and X-ray images ob-
tained from our simulations to test the idea that the Bubble Neb-
ula has formed as a result of a bow shock around BD+60◦ 2522.
4.1. Observational data used for comparison
The Hα image that we use for comparison with simulations was
obtained by the Hubble Space Telescope (HST) (Program Id.:
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Fig. 2. From left to right the panels show a snapshot after 1 crossing time from each simulation in Table 2. The top half shows log10 plots of
the gas density (g cm−3) profile of the gas, and the bottom half shows log10 plots of the temperature profile of the gas with white being of higher
temperature(K) than black. The star is at the origin. Labels of the different models are shown in white on each panel.
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Fig. 3. Top half shows log10 plots of the gas density (g cm−3) profile of the gas, and bottom half shows log10 plots of the temperature profile of the
gas with white being of higher temperature(K) than black. These plots are from the 1b simulation data. The star is at the origin. From left to right
the panels show the simulation after 0.5, 1, and 2 crossing times, respectively.
Fig. 4. Top half plane shows gas velocity (km s−1) with yellow being of higher velocity than dark purple. Bottom half plane shows the Mach
number of the gas with black being of higher Mach number than white. These are from the 1b simulation at the same three time-steps as the
density/temperature plots in Fig. 3.
14471, PI: Zolt Levay) on 2016.02.25. We downloaded the level
2 data products (reduced and calibrated images) from the Mikul-
ski Archive for Space Telescopes (MAST)2 at the Space Tele-
scope Science Institute (STScI). The image is composed of 4
tiled WFC3/UVIS pointings with 3 images of 500 seconds ex-
posure per tile (i.e. 1500 seconds exposure per pixel) and was
produced by Avila et al. (2016) as part of the Hubble Heritage
Project.
2 https://archive.stsci.edu/
The Spitzer 24 µm image of the Bubble Nebula was down-
loaded from the NASA/IPAC infrared science archive3. The
nebula was observed on 2005.12.05 (Program Id.: 20726, PI:
J. Hester), using the Multiband Imaging Photometer for Spitzer
(MIPS; Rieke et al. (2004)). The image is a level 2 data product,
with units of MJy sr−1 and angular resolution of 6 arcsec.
3 http://irsa.ipac.caltech.edu/
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Fig. 5. Top two images: Synthetic Hα emission maps of the bow shock
on a logarithmic colour scale (in units of erg cm−2 s−1 arcsec−2), gen-
erated from the 1b simulation for viewing angles of 45◦ and 60◦. Both
synthetic images are generated after 0.2135 Myr of evolution. The co-
ordinates are in pc relative to the star’s position. The black cross shows
the position of the ionizing star. Bottom plot: HST Hα (656nm) image
of the Bubble Nebula.
Fig. 6. Top two images: Synthetic infrared emission maps of the bow
shock on a logarithmic colour scale (in units of MJy ster−1), gener-
ated from the 1b simulation for viewing angle angles of 45◦ and 60◦.
Both synthetic images are generated after 0.2135 Myr of evolution and
smoothed to the angular resolution of Spitzer of 6 arcsec. The coordi-
nates are in pc relative to the star’s position. The black cross shows the
position of the ionizing star. Bottom plot: Spitzer 24 µm image of the
Bubble Nebula.
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4.2. Calculating Hα emission
Our 2D cylindrical models (in the R − z plane) are rotationally
symmetric about the z-axis. We utilize this symmetry to pro-
duce synthetic emission maps of the 3D structure. We developed
a raytracing method to calculate synthetic images described in
Appendix B, using the symmetry of the simulation to generate
projection through 3D space at an angle to the grid (similar to
Arthur & Hoare (2006) for radio emission). Synthetic Hα emis-
sion maps were generated using this method. The Hα emissivity
was calculated by interpolating a table in Osterbrock (1989) as
jHα = 2.63 × 10−33 nenHT 0.9 erg cm
−3 s−1 arcsec−2 .
Fig. 5 compares synthetic Hα emission maps taken from the
1b simulation with the HST Hα image. We rotated the HST im-
age so that the x-axis is along the direction of stellar motion
as suggested by the Gaia DR2 data (Gaia Collaboration et al.
2018). These images show the Hα brightness of the Bubble Neb-
ula with units of erg cm−2 s−1 arcsec−2 on a logarithmic scale.
The Hα emission therefore traces the densest parts of the
bow shock and the forward shock is clearly visible in Fig. 5.
At the apex of the bow shock there is a high Hα brightness
with intensity 10−12 erg cm−2 s−1 arcsec−2. Even though Fig. 3
shows that the bubble is not closed in the negative z-direction,
in Hα it looks like a closed bubble because of projection effects.
The brightest pixels in the HST image are from a bright-rimmed
cloud near the wind bubble but the brightness of the bubble itself
is comparable to the synthetic images.
We made synthetic images at angles from 0◦ to 90◦ (with
15◦ step) between the line of sight and the velocity vector of
the star. Visual inspection showed that 45◦ and 60◦ were most
similar to observations. The other angles can be seen in Fig. 7,
where we show synthetic emission maps in 24µm, Hα, soft and
hard X-rays at angles of 0◦ − 90◦. The criteria we used were the
downstream brightness compared with the apex, and the posi-
tioning of the wings of the bow shock on the top and bottom
of the nebula. Supporting our visual estimate, the position of the
star in the nebula follows the 60◦ synthetic snapshot (see Fig. 8).
Both images also show a high Hα brightness at the apex of the
bow shock, the predicted brightness is quantitatively consistent,
and the physical appearance of the nebula at the apex is similar.
The rings are an artifact of the symmetry of the 2D simulation.
4.3. Calculating dust/infrared emission with TORUS
We simulate dust emission maps from our models by post pro-
cessing them using the Monte Carlo radiation transport and hy-
drodynamics code TORUS (e.g. Harries (2000), Kurosawa et al.
(2004), Harries (2015)). The procedure here is very similar to
that described in Mackey et al. (2016). Snapshots from the
pion calculations are saved in fits format and mapped onto the
TORUS grid using a bilinear interpolation for 2D models. Be-
cause the pion calculations do not compute the dust temperature
we first perform a dust radiative equilibrium temperature cal-
culation before producing synthetic observations. For both the
radiative equilibrium and synthetic observation calculations we
use a Monte Carlo approach based on photon packet propagation
introduced by Lucy (1999). Further details of the implementa-
tion in TORUS are given in the aforementioned papers.
To ensure a dust-free wind blown region we remove the dust
wherever the temperature is more than 106 K. In the remainder of
the grid we assume a gas-to-dust mass ratio of 160 (Zubko et al.
2004), which is comprised of 70% silicates (Draine 2003) and
30% carbonaceous (Zubko et al. 1996) grains. We assume that
no PAHs survive within the H ii region. For both the silicate and
carbonaceous grains we assume minimum and maximum grain
sizes of 0.005 and 0.25 µm respectively. The size distribution it-
self between these limits is a power law dn/da ∝ a-q (Mathis
et al. 1977), where we take q = 3.3. For the stellar spectrum we
use a Kurucz (1993) spectral model with the same temperature
as BD+60◦ 2522.
We take the same snapshot from the 1b simulation to be run
with the TORUS code. The code produces dust emission maps
(24µm) at angles from 0◦–90◦ for each snapshot. The top two
images in Fig. 6 show the results of the TORUS code for 24µm
emission at angles of 45◦and 60◦ between the line of sight and
the velocity vector of the star. The images from the 2D radiative
transfer calculations have a length and width of 5 pc and pixel
diameter of 0.0195 pc.
The synthetic snapshots are smoothed to the resolution of
Spitzer to accurately compare the features in the simulated data
with the observational data. This has been achieved by convolv-
ing the data and does not account for instrumental response. It
can be seen that the maximum brightness of the synthetic snap-
shots (103.51, 103.62 MJy sr−1) matches the maximum brightness
of the Spitzer image (103.5 MJy sr−1). The minimum brightness
is slightly different because the synthetic maps only simulated
the bubble and not the background radiation, whereas Spitzer
detected background emission in the field of view.
There are distinct morphological similarities between the
synthetic images and the observations. The most noticeable sim-
ilarity would be the spherical emission surrounding the stellar
wind bubble which is at its brightest near the apex of the bow
shock. The size of the bubble is consistent with the observations
in that it has a radius of ∼2.5-3 pc.
4.4. Star’s position in the Bubble Nebula
Both the Hα and infrared synthetic emission maps are quanti-
tatively and qualitatively consistent with the observational data
and bow shock interpretation. The position of the central star in
the 60◦ Hα and infrared images match that of the central star in
the retrospective observations. This is shown quantitatively with
Fig. 8, where we show the star’s position in the nebula as a func-
tion of the angle the nebula is rotated about the line of sight.
The red line then shows the ratio of the star’s position in the ob-
served nebula. Where the red line and the black curve intersects
gives an indication of what angle the nebula is rotated at, which
is shown to be ≈ 56◦. The 60◦ results are being shown as it is
close to the estimated angle of rotation. Therefore, the Hα and
infrared maps suggest that the star is moving at 20 km s−1into an
ISM with n ∼ 100 cm−3, with an angle of 60◦ with respect to the
line of sight.
The apparent spherical emission surrounding the stellar wind
bubble in each wavelength is consistent with the observations.
Also the brightest part of both emission maps is at the apex of the
bow shock which is again consistent with the observations. The
‘wings’ of the bow shock in the Hα maps, however, are different
to the HST image. This part of the bow shock is less bright and
fainter in the observational image. The thickness of the predicted
bright emission at the rim of the bubble seems consistent with
observations near the apex of the bow shock, but at 90◦ from the
apex we predict a thicker bubble rim than is observed. There are
a number of possible reasons for this: a density gradient in the
ambient ISM seems to be present (Moore et al. 2002b) but is not
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Fig. 7. A snapshot (after 1 crossing time) from the 1b simulation was used to generate synthetic images of the Bubble Nebula at angles from
0◦ − 90◦ with respect to the direction of stellar motion. The first row shows the 24µm emission, second row shows the Hα emission, third row
shows the soft X-ray emission, and the fourth row shows the hard X-ray emission. From left to right, the angles are 0◦, 15◦, 30◦, 45◦, 60◦, 75◦,
and 90◦. For the Hα and X-ray image we plot 1◦ and 89◦ instead of 0◦ and 90◦ because of technical limitations. Each image is centred on the star
(black cross) and is roughly 5×5 parsec.
modelled here; and ISM magnetic fields could alter the thickness
of shocked layers.
Fig. 8. Ratio of the stand-off distance RSO to the radius of the bow shock
at an angle of 90◦ from the direction of the stellar motion, as a function
of viewing angle, θ. The observed ratio is taken from the Spitzer image
and simulation results are from the synthetic infrared images.
5. Calculating X-ray emission
5.1. Synthetic images
The Bubble Nebula was not detected in X-rays by ROSAT (Chu
et al. 2003) or since then with any other observations. Now we
construct synthetic maps of the soft and hard X-ray emission
from this nebula and estimate its X-ray luminosity to generate
predictions for what X-ray satellites (e.g. XMM-Newton) could
potentially observe at specific energies. The same raytracing
method (described in Appendix B) used to generate the Hα emis-
sion maps was used to generate the soft and hard X-ray emission
maps. The emissivity as a function of temperature for different
X-ray bands was calculated using xspec v12.9.1 (Arnaud 1996)
and tabulated. Solar abundances from Asplund et al. (2009) as
implemented in xspec are used. Absorption within the simula-
tion was neglected but we do consider the effect of interstellar
absorption from foreground matter.
We generated synthetic soft (0.3 − 2 keV) and hard (2 −
10 keV) X-ray emission maps at angles from 0◦ to 90◦ (with
15◦ steps) to the direction of motion for the same snapshot of
model 1b as considered in Sections 4 and 5. Fig. 9 shows the
soft X-ray emission from simulations at angles of 45◦ and 60◦,
and Fig. 10 shows the same for hard X-ray emission. The soft
X-ray band shows plasma around the star (and inside the bub-
ble) hot enough to produce soft X-rays with energies between
0.3 − 2 keV (i.e. temperatures about 106 K). Whereas, the hard
X-ray band shows plasma around the star (and inside the bub-
ble) hot enough to produce hard X-rays with energies between
2−10 keV (i.e. temperatures > 107 K). Both Figs. 9 and 10 show
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Fig. 9. Synthetic soft X-ray (0.3–2 keV) emission maps of the simulated nebula (unabsorbed). Both images have coordinates in pc relative to the
star’s position (black cross), and scale in erg cm−2 s−1 arcsec−2. Both images are generated from the 1b simulation, after 0.2135 Myr of evolution
and are smoothed to the angular resolution of XMM-Newton EPIC cameras (6 arcsec).
Fig. 10. As Fig. 9, but for hard X-rays (2–10 keV).
-
Fig. 11. Left-hand panel: Synthetic X-ray unabsorbed flux (erg cm−2 s−1) and luminosity (erg −1) plot of the Bubble Nebula as it evolves in
time (Myr). Seven X-ray bands simulated from soft to hard X-rays, including 0.1 keV, 0.2 keV, 0.5 keV, 1 keV, 2 keV, 5 keV, and 10 keV. Right-
hand panel: Absorbed flux (erg cm−2 s−1) and luminosity (erg s−1) plot showing that the 0.1 keV – 1 keV X-ray bands get absorbed by the ISM.
Mechanical luminosity of the stellar wind (i.e. energy input rate to the wind bubble) is Lw = M˙v2∞/2 = 3.6 × 1036 erg s−1 (seen as the black line in
both plots).
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that the majority of the X-ray emission is in the ‘tail’ of the stel-
lar wind bubble, as observed for ζ Oph by Toalá et al. (2016).
Soft X-rays are about 50 times brighter than the hard X-
rays with very weak dependence on orientation. Soft X-rays are
mostly emitted at the edges of the bubble and are brightest in
the wake behind the star. Hard X-ray emission is from the whole
volume of the bubble but is also brightest in the wake behind the
star.
The visual extinction towards BD+60◦2522 of AV = 2 mag
(Sect. 2) means that at 0.5 keV only 0.006 of the radiation from
the source will reach Earth. At 1 keV the fraction is 0.40, and at
2 keV it is 0.85. This means that > 99% of the soft X-rays with
< 0.5 keV will be absorbed, unless the extinction is patchy or
variable across the nebula. Even with this extinction some bright
spectral lines could still be observable (Toalá & Arthur 2016).
The hard X-rays are almost unaffected by extinction, and X-rays
with 0.5 − 2 keV are moderately attenuated.
5.2. Total luminosity
Fig. 11 demonstrates this with the predicted soft and hard X-
ray luminosity of the whole nebula. The left image of Fig. 11
is a plot of the unabsorbed flux (erg cm−2 s−1) and the luminos-
ity (erg s−1) versus the time (Myr) for the whole 1b simulation.
The point at each time-step in the graph is the summation of
the luminosity/flux over the whole simulated nebula. Each line
represents the X-ray luminosity/flux emitted above a certain en-
ergy level ranging from 0.1 keV to 10 keV. The right plot shows
the X-ray flux that could be detected from Earth with extinction
taken into account. X-rays with energies E < 0.5 keV will get
absorbed by the ISM, whereas hard X-rays (2 − 10 keV) are un-
affected. The observable X-ray flux corresponds to a luminosity
more than 104 times less than the mechanical luminosity of the
stellar wind. The simulations predict a significant X-ray flux in
0.5 − 2 keV which could potentially be observed. The total flux
received varies from 10−14 to 10−13 erg cm−2 s−1 depending on
time.4
The ‘dips’ in the luminosity seen at ∼0.16 Myr, ∼0.35 Myr,
and ∼0.5 Myr coincide with minima in the size of the simulated
bubble. For example, the middle image in Fig. 3 shows a snap-
shot of the bubble during one of these ‘dips’ in luminosity. When
compared to the left image in the same figure, the size of the
bubble in the radial direction is very different. Hence, the larger
the bubble, the higher the X-ray luminosity emitted. An explana-
tion for why the bubble shrinks in size is that whenever a vortex
forms due to the Kelvin-Helmholtz instability at the boundary
layer between the bubble and the ISM, it seems to cause a large
part of the gas to flow backwards in the −zˆ direction. This is
known as vortex shedding (Wareing et al. 2007). As the vortex
travels backwards in the −zˆ direction, it brings all the gas above
it with it. The plot in Fig. 11 also shows that this is a periodic
event.
5.3. Differential emission measure
The X-ray emission from the hot gas in the 1b simulation is fur-
ther analysed by calculating the differential emission measure
(DEM) as a function of T , and then the emission-weighted mean
4 This prediction may be larger than the upper limits derived from
unpublished XMM-Newton observations (J.Toala, private communica-
tion).
Fig. 12. DEM profile of the simulated nebula (unabsorbed) from the 1b
simulation, after 0.2135 Myr of evolution.
Fig. 13. Mean temperature (K) of the simulated nebula (unabsorbed) as
it evolves in time (Myr)
temperature, TA, following Toalá & Arthur (2018). The DEM
profile was calculated using
DEM(Tb) =
∑
k,Tk∈Tb
n2e∆Vk, (5)
where ne is the electron number density in cell k and ∆Vk is
the volume of cell k. All the cells with a gas temperature that
fall inside a single bin with median temperature Tb are summed
together. Fig. 12 shows the DEM profile of the simulated nebula
(unabsorbed) from the 1b simulation, after 0.2135 Myr of evo-
lution. The DEM shows a profile strongly skewed towards lower
temperatures, with a power-law behaviour similar to that shown
by Toalá & Arthur (2018) for stellar wind bubbles with turbulent
mixing layers and a power-law exponent of ≈ −2.
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We can use the X-ray emissivity in a given energy band, ,
together with the DEM profile, to calculate TA for the simulated
wind bubble, defined by
TA =
∫
(T )DEM(T )TdT∫
(T )DEM(T )dT
. (6)
(T ) is the emission coefficient in the X-ray band and
DEM(T ) is the DEM at temperature T . The integral is then per-
formed over all the temperature bins in the DEM. Fig. 13 shows
the evolution of TA as function of time for different X-ray en-
ergy bands. The soft X-ray emission shown in Fig. 9 has a mean
temperature of about 106.4 K. Whereas, the hard X-ray emission
shown in Fig. 10 has a mean temperature of about 107.4 K. The
figure also shows that the X-ray emission between 1 − 2 keV
has a mean temperature of 106.8 K. The values of TA are almost
constant for the duration of the simulation, apart from the initial
expansion phase of the bubble in the first 0.02 Myr.
6. Discussion
6.1. Comparison with the Bubble Nebula
The original picture that the Bubble Nebula is a supersonically
expanding wind bubble has the difficulty that the dynamical age
of the nebula of 5 × 104 yr is too young for its associated (mod-
erately evolved) star BD+60◦2522. For a star moving superson-
ically through the ISM, however, such an issue does not arise
because the timescale for the nebula (bow shock) to reach a sta-
tionary state is the maximum of the expansion time of the wind
(RSO/v∞) and the advection timescale of the flow (RSO/v∗). The
latter is much longer for hot stars (such as BD+60◦2522), but
still is < 105 yr for all feasible values of v∗. The bow shock sce-
nario, therefore, provides an attractive and natural explanation
for the apparent youth of the Bubble Nebula. Below we discuss
some issues related to this scenario.
The Bubble Nebula is about 3 arcmin in diameter in
both the HST and Spitzer images. Using the Gaia distance to
BD+60◦2522 of d = 2.7 ± 0.2 kpc (see Section 2), this corre-
sponds to a linear diameter of 2.3 ± 0.2 pc. Simulation 1b pro-
duces a nebula of diameter 3 pc in both optical and infrared emis-
sion (Figs. 5 and 6). The model nebula from the 1b simulation is
therefore somewhat bigger compared with the observational data
from HST and Spitzer, implying that some of the input parame-
ters are incorrect.
Equation (1) shows that either M˙ or v∞ is too big, or ρISM
or v∗ is too small. The stellar peculiar transverse velocity of
≈ 28 km s−1 together with the inclination angle of the bow shock
of 60◦ imply the total relative velocity of 32 km s−1, which is
larger than v∗ = 20 km s−1 in our preferred model. A larger v∗
would prevent the nebula from expanding as much as the 1b sim-
ulation. Unfortunately our simulations with v∗ > 30 km s−1 be-
came unstable during the simulation runtime because of gas pil-
ing up at the apex of the bow shock. This is a well-known prob-
lem with 2D hydrodynamic simulations. This problem could
possibly be solved by including a magnetic field (Meyer et al.
2017) and/or running more computationally expensive 3D simu-
lations.
6.2. Mixing/turbulence at the wind/ISM interface
Only a fraction of the energy input from the massive star’s stellar
wind goes into the work done to drive the expansion of the bub-
ble. It is thought that the majority of this energy is dissipated
by turbulent mixing of the hot shocked wind with the cooler
ISM. There is also resultant cooling through line emission or
potentially by heat transport through thermal conduction from
the wind to the ISM (Rosen et al. 2014). The turbulent mixing
is largely driven by Kelvin-Helmholtz instabilities at the contact
discontinuity.
The soft X-ray emission is coming from the mixing region
between the shocked wind and the ISM. Magnetic fields and
thermal conduction are not included in these simulations and
therefore the contact discontinuity structure is resolved by nu-
merical diffusion and not by physical processes. Meyer et al.
(2014, 2017) showed that both of these processes have some ef-
fect, but also that they can cancel each other out somewhat. We
will investigate this in future work. The inclusion of a magnetic
field can weaken Kelvin-Helmholtz instabilities (Keppens et al.
1999; Frank et al. 1996), reducing the amount of mixing which
would in turn reduce the intensity of the soft X-ray emission.
6.3. Limitations of the model
In our simulations, we have not considered the effect of an ISM
density gradient on the structure and appearance of our model
wind bubble. The observed Hα emission around the Bubble
Nebula appears brighter towards the north and gets fainter to
the south (see Fig. 1), indicating that there is a density gradient
across the nebula. This is also expected on physical grounds be-
cause BD+60◦2522 photoionizes the surrounding ISM and pho-
toevaporates the molecular cloud to the north. The dense pho-
toevaporated gas expands into the lower density surroundings,
creating a density gradient.
Arthur & Hoare (2006) studied wind bubbles expanding into
a stratified medium, both with and without stellar motion. In par-
ticular, their models H and I considered a star with a strong wind
moving through a stratified medium, and they showed that the
density gradient induces higher-velocity flows (up to 30 km s−1)
around the wind bubble from the apex to the tail than are ob-
tained from constant-density calculations. The density gradient
that is present in the H ii region around the Bubble Nebula could
be responsible for the discrepancy between our synthetic (Hα
and IR) emission maps and observations at the sides of the bub-
ble around 90◦ from the apex. In future, more detailed calcula-
tions we will explore this in more detail.
6.4. Importance of winds for particle acceleration and
non-thermal processes
The winds of massive stars generate fast shocks that can accel-
erate cosmic rays (CR), possibly making a significant contribu-
tion to the total high-energy CR production rate in our Galaxy
(Casse & Paul 1980; Cesarsky & Montmerle 1983; Aharonian
et al. 2018). It is important to identify systems where this can be
tested, and where non-thermal emission from relativistic parti-
cles can most easily be detected. The ideal systems have large
mass-loss rates with high-velocity winds, but compact nebula
surrounded by a relatively dense ISM with a strong magnetic
field. The wind properties maximise the number of accelerated
particles, and the ISM properties maximise the interaction of rel-
ativistic particles with matter, producing non-thermal radiation.
Searches for non-thermal emission have for this reason concen-
trated on runaway stars producing bright bow shocks, where the
system’s geometry is well constrained. So far the only detection
is non-thermal radio emission from the bow shock of the star
BD+43◦3654 (Benaglia et al. 2010), an O4 supergiant (Comerón
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Fig. 14. Synthetic X-ray unabsorbed flux (erg cm−2 s−1) and luminosity
(erg s−1) plot of the Bubble Nebula as it evolves in time (Myr). Seven
X-ray bands simulated from soft to hard X-rays, including 0.1 keV,
0.2 keV, 0.5 keV, 1 keV, 2 keV, 5 keV, and 10 keV. Solid lines are from
the 1b simulation discussed in this paper, dashed lines are from a
lower-resolution (Nzones = 768 × 512) simulation. Mechanical lumi-
nosity of the stellar wind (i.e. energy input rate to the wind bubble)
is Lw = 3.6 × 1036 erg s−1 (seen as the black line in both plots).
& Pasquali 2007) whose wind drives a large and well-studied
bow shock. Searches for gamma rays (H. E. S. S. Collaboration
et al. 2018) and non-thermal X-rays (Toalá et al. 2017b) have
so far produced only upper limits. We consider that NGC 7635
could be a good target for non-thermal emission given the driv-
ing star’s large mass-loss rate and wind velocity, together with
the dense surrounding ISM. BD+60◦2522 is not as extreme as
BD+43◦3654 in terms of wind mass-loss rate, but their wind ve-
locities are comparable, and the size and density of their nebulae
are similar. This suggests BD+60◦2522 is a good target for fur-
ther radio observations. These would test whether BD+43◦3654
is somehow unique or if many bow shocks produce measurable
synchrotron emission.
6.5. X-ray emission resolution study
Fig. 14 is a plot of the unabsorbed flux (erg cm−2 s−1) and lu-
minosity (erg s−1) of the simulated nebula as it evolves in time
(Myr) for the whole 1b simulation (solid lines) and for a lower-
resolution (Nzones = 768 × 512) simulation (dashed lines) with
the same velocity and ISM density as 1b. This plot compares the
two different resolution simulations to show that the results are
only weakly dependent on spatial resolution.
7. Conclusions
In this paper, we have started a project to investigate thermal
emission from stellar wind bubbles. For the first time we present
simultaneous predictions for X-ray, optical, and infrared emis-
sion maps from simulations. 2D hydrodynamic simulations of
the stellar wind bubble NGC 7635 (Bubble Nebula) have been
run to model the interaction of the central star’s wind with the
ISM. We chose stellar and ISM parameters appropriate for com-
parison with the Bubble Nebula. The models cover a range of
possible ISM densities of 50− 200 cm−3 and stellar velocities of
20 − 40 km s−1. One calculation (1b) was found to be the most
plausible candidate to compare with observational data.
The Monte-Carlo radiative-transfer code TORUS was used
to post-process this simulation to generate synthetic 24µm emis-
sion map predictions to compare with observational Spitzer
MIPS data. We also post-process the simulation with a raytrac-
ing projection code to generate synthetic Hα emission maps to
compare with HST observational data. The main result is that we
find the same morphological spherical bubble shape with simi-
lar quantitative aspects. The synthetic maps predict a maximum
brightness similar to that from the observations and agree that the
maximum brightness is at the apex of the bow shock. The Hα
and 24µm synthetic emission maps are therefore quantitatively
and qualitatively consistent with the observational data and bow
shock interpretation. They therefore suggest that the star is mov-
ing at 20 km s−1 into an ISM with n ∼ 100 cm−3, at an angle of
60◦ with respect to the line of sight.
The raytracing projection code was also used to produce soft
(0.3− 2 keV) and hard (2− 10 keV) X-ray emission map predic-
tions of what an X-ray satellite could observe. These emission
maps show that the majority of X-ray emission occurs in the
wake behind the star and not with the bow shock itself. The un-
absorbed soft X-rays are in the region of ∼ 1032 − 1033 erg s−1.
However, due to extinction from the ISM in between the nebula
and the observer, no X-rays below 0.5 keV can be seen and X-
rays between (0.5−2 keV) are significantly attenuated. The hard
X-rays are faint, ∼ 1030 − 1031 ergs s−1, and maybe too faint for
current X-ray instruments to successfully observe.
Results from the simulations and the synthetic emission
maps allow us to conclude that the O star creates a bow shock
as it moves through the ISM and in turn creates an asymmetric
bubble visible in optical and infrared wavelengths, and predicted
to be visible in X-rays. The Bubble Nebula does not appear to be
unique, it just has a favourably oriented very dense bow shock.
Extinction means UV and soft X-rays will be hard to detect and
therefore it is hard to constrain the mixing between the hot and
cold plasma. However, the dense ISM surrounding BD+60◦2522
and its strong wind makes it a good candidate for detecting non-
thermal emission at other wavelengths.
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Appendix A: Peculiar transverse velocity of
BD+60◦2522
Gaia DR2 (Gaia Collaboration et al. 2018) places BD+60◦2522
at the distance of 2.7± 0.2 kpc and provides high-precise proper
motion measurements for this star (see Table A.1). Using the so-
lar galactocentric distance of 8.0 kpc, the circular Galactic ro-
tation velocity of 240 km s−1 (Reid et al. 2009), and the solar
peculiar motion (U,V,W) = (11.1, 12.2, 7.3) km s−1 (Schön-
rich et al. 2010), we calculated the peculiar transverse velocity
vtr = (v2l + v
2
b)
1/2, where vl and vb are the star’s peculiar ve-
locity components along the Galactic longitude and latitude, re-
spectively. For the error calculation, both the uncertainties in the
proper motion and the distance measurements were considered.
The resulting velocities along with the input data are given in
Table A.1.
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Table A.1. Summary of astrometric and kinematic data on BD+60◦2522.
d µα cos δ µδ vl vb vtr
(kpc) (mas yr−1) (mas yr−1) (km s−1) (km s−1) (km s−1)
2.7 ± 0.2 −2.71 ± 0.05 0.53 ± 0.05 11 ± 2 25 ± 2 28 ± 3
Appendix B: Raytracing of 2D simulations
Here we describe a raytracing method to calculate synthetic im-
ages from such simulations. The simplest approach is to take the
2D grid of zones, consider a ray going through each zone-centre
in turn, and then produce an image with the same number of
pixels as the grid has zones. The grid is then extended in the z-
direction to include all rays that intersect some part of the 3D
volume created by rotating the 2D plane about the axis of sym-
metry.
Consider a ray travelling through Cartesian space (x, y, z),
in the plane y = R0 (where R0 is the distance from the axis
of symmetry), with an angle θ with respect to the positive z-
axis, and with the equation x = (z − z0) tan θ. We can place the
R − z plane as the upper-half plane x = 0, y ≥ 0. This can be
done without loss of generality such that the ray passes through
(x, y, z) = (0,R0, z0), corresponding to a grid zone with coordi-
nates (R0, z0).
We now calculate the path of the ray when projected onto the
R−z plane. An infinitesimal line element is d` = cos θdz+sin θdx
and so
dx = ± RdR√
R2 − R20
. (B.1)
Using the equation of the line above, dx = dz tan θ, we can get
dz = ± RdR
tan θ
√
R2 − R20
. (B.2)
Therefore, the geometric scaling factor is
d` =
RdR
sin θ
√
R2 − R20
. (B.3)
Furthermore, it is easy to show that the ray traces a parabola in
the R − z plane:
z = ±
√
R2 − R20
tan θ
+ z0, R =
√
R20 + (z − z0)2 tan2 θ. (B.4)
If we approximate our data as a piecewise-constant, with each
zone having constant values of each variable, then we can ana-
lytically integrate the emissivity along a ray segment through a
zone, i, as∫
j(x)d` =
∫ R+
R−
j(Ri, zi)
RdR
sin θ
√
R2 − R20
=
j(Ri, zi)
sin θ
(√
R2+ − R20 −
√
R2− − R20
)
, (B.5)
where the ray enters the zone at R = R− and leaves at R = R+.
The sign ambiguity is resolved by considering that the ray is
always moving to smaller R on the inward trajectory and larger
R on the outward one, but in both cases the emissivity adds to
the quantity being integrated.
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